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The  Ames 2- by  2-foot  transonic wind tunnel, an aeronautical  research 
3 f a c i l i t y  in which the Mach  number can be varied continuously from low sub- 

sonic  values up t o  1.4, i s  described. An adjustable  nozzle for producing 
supersonic  velocities  md a form of perforated-wall   test .section  for.alle- 
virtting w a l l  interference  effects are uti l ized.  Although no attempt wa.8 
made t o   t h i n   t h e  wall boundary layer ahead of t h e   t e s t  model, control of  
test section plenum-chamber pressure by means of a suction pump is sham 
to be &11 effective m e a n s  of reducing  the main compressor pressure rgtio 
requirements and mer -a l l  power consumption. 

. 

Surveys of the empty test section  indicate that the local Mach number 
variations are within 50.003 over a =-inch  length of test section, up t o  
1.35 Mach nuuiber, and no over-all  longitudinal  gradients are present in 
t h i s  region. 

Wall interference is. evaluated by comparfng force and  pitching-moment 
measurements on three  different  sizes of a wing-body configuration, having 
frontal.projected  areas of 0.09, 0.31, and 1.15 percent of the test section 
area. The tes t s   ind ica te  that large  redu, t ims in interference  are pos- 
s ible  i n  the subsonic and low supersonic  speed  ranges by use of the  per- 
forated w a l l s ,  as compared t o  nearly solid walls which me suff ic ient ly  
perforated in the  corners t o  prevent chok-. Fkom these tests it i s  con- 
cluded that  the wall interference is emall for a model having a projected 
frontal  area of 1/2 percent of the  cross-sectional area of the  tes t   eect ion 
and a  wing-span-to-tunnel-height r a t i o  o f  one-half. 
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WTRODUCTICIN 

In  the  development of transonic wind tunnels  utilizing  partly  open 
test-section walls, the  prFmary  objectives  are  to  abtain  uniform  flow  in 
the  test  region and to minmize w a l l  Fnterference on the  test  models. 
The various  configurations  that  have  evolived in recent  years  to  achieve 
these  objectives  are  distinguished  by: (1) the  type of partly  open  walls 
forming  the  test  section, (2) the  manner in which  supersonic  flow is pro- 
duced,  and (3) the  extent to which  the  thickness of the  boundary  layer 
on the  test-section walls is controlled. 

Two types of partly  open walls have  generally  been  used - longitudi- 
nal slots,  and uniformly distributed  perforations. Two methods a180 have 
commonly  been  employed fo r  the  generation of supersonic flow - expmsion 
of an initially  sonic flow through  the  partly  open w a l l s  of the  test  sec- 
tion  into a surrounding  chamber  (see, e .g. , refs. 1 and 2), and  expaneion 
tion  ref. 3 ) .  Concerning  the  control of the  boundary-layer  thiclmesa, 
it  is known that t W g  the  boundary  layer is deswable because of 
increased  attenuation of reflected  disturbances  (refs. 4 and 5 ) .  As a 
practical  matter,  however,  the  additional  equipment  requtred for this 
purpose may sometimes  preclude  test-section  boundary-layer  control. 

throu$h 
a-convergent-divergent  nozzle  immediately  ahead of the  test  sec- 

The  Ames 2- by 2-foot t~ans0El.c w3nd  tunnel was designed  about  the 
ogtion  consisting  of (1) a form of  perforated-wall  test  section, (2) a 
convergent-divergent  nozzle for supersonic flow generatton, and (3)  no 
provision  for  thlnning of the  test-section  boundary  layer  upstream  of the 
test  models.  However, a suction pap of  limited  capacity is used to aid 
in controlling  the  pressure in a plenum  chamber  surrounding  the  perforated 
test  section.  These  choices  evolved  largely  from  consideration of the 
analysis and data  presented  in  reference.3  and  unpublished  teat  data  pre- 
viously obtained  with a 5- by 5-Fnch  model  test  section. 

. 

In  this  paper the principal  features  of  the  Ames 2- by 2-foot tran- 
sonic  wind  tunnel  are  -described. In addition,  since many of  the ad juet -  
menta  required to establish uniform flow  at  transonic  Mach  numbers  are 
peculiar to  this  type of tunnel,  the  basic  principles  underlying  them  are 
briefly  discussed. The investigatione  conducted to establish  the  adequacy 
of  this  test-section  canfiguration  as a useful  facility  for aerod-c - . 
research  are  also  recounted. The accomplishment  of  this  latter  objective 
required  extensive  measurements o f t h e  flm-field and an evaluation of 
the  wind-tunnel wall interference.  Since  theoretical  methode  are m e -  
quate  at  present  for.predicting  wall-interference  effects,  conclusions 
a r e  based  upon coqari6ons-of the  experimentally meased aerodynamic 4 

characteristics  of  three  scaled  models of the same wing-body  configuration. 
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ROTATION 

CD drag  coefficient, total drag less baEe drag ' 

qS . 

Cm pitchfng-moment  coefficient  referred t o  quarter  point of mean aero- 

dynamic  chord, pitching mamen' qSE T .  

M Mach  number 

Po power  required by main-drive compressor 

PS power required by main-drive  compressors wlth auxiliary suction 

.4 Pp power  required by suction pump 

R Reynolds  numb& 

S total  wing  area,  including  that  blanketed by fuselage 

b wing. span 

c wing chord 

Ib'2C2dy 
E wing m e a n  aerodynamic  chord, 

vp - mass flow through suction pump 

wo mass flaw  through  main-drive  compressor 

q free-stream aynamic pressure 

r radius  of  body 
c 

# ro maximum body  radius 
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a angle of attack 

q compressor efficiency 
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PART I - DESCRIPTION OF TH,E W I N D  TUNNEL 

The Ames 2- by 2-foot  transonic wind tunnel i s  of the  closed-return, 
variable-density  type  with a tes t   sect loa having perforated w a l l s .  A 
schematic drawing of the  tunnel  circuit and of the  auxiliary equipment i s  
presented i n  figure 1. As indicated  in  this figure, puwer i s  Bupplied t o  
the air stream by a two-stage  axial-flow compressor,  each stage of which 
i s  composed of two counterrotating  seta of blades, These fans are driven 
by four 1000-horsepower, Mter-cooled,  squfrrel-cage  induction  motors. 
Motor speed i s  controlled.by varying the frequency of the  fnput  current. 
Figure 2 i s  a sectignal  perspective view. o? ttxe..nozzle, test section, and 
diff’user  region  of  the  wind-tunnel. - .  

Nozzle 

A variable geometry convergent-divergent  nozzle € 8  used t o  generate 
supersonic Mach numbera t o  1.4. The nozzle i e  bounded by two plane 
prtrallel walls and two flexible-plate walls of varying thicknees i n  the 
axial direction. As described in reference 3,  the   plate   thickness   ie  
-led along the 1-h such that  when the  plate  i s  deflected by a single 
jack  the  deflection c m e  approldmates the nozzle shape  corresponding t o  
a given Mach  number. In the  present  instance  the  plate  thickness distri- 
bution was selected t o  ylela the  deflection m e  corresponding to the 
nozzle  shape  calculated by the method of characterist ics t o  produce a 
uniform  flow fFeld of 1.25 Mach  number at the  entry  to   the  tes t   sect ion.  
For nozzle  shapes  other  than this the  flow f i e ld  is only approximately 
uniform at  the  entrance t o  the  teat   section. 

- 

Test  Section 

The tes t   sect ion is 2 fee t  square i n  cross section and 4 feet long. 
The ver t ical   s ide walls are  parallel,  but  the  top and bottom walls are 
diverged s l igh t ly   t o  campellsa$e &ppro”bely  for   the growth of the bound- 
ary layer. The test section i s  enclosed by a pressure-tight  cylinder which 
forma a plenum  ckaniber t o  maintain uniform pressure on the  four aide walls 4 

(see  f ig.  2). ‘I 

a 

. .  
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5 The walls of the test section are perforated  with triangular holes 
as shown Fn figures 2, 3, and &(a) . The function of  the  perforations i s  

model by fluwing  through the porous walls into the  plenum  chamber. This 
condition more nearly  simulates free fUght than do s o E d  wal ls ,  because 
some of the  streamlines , in  effect ,   pass through the  walls  (see  ref . 3) . 
Subsonic  blockage effects  are thereby  relieved and ref lected shock waves 
are  attenuated at supersonic  speeds. The triangular shape was selected 
t a  achieve sweepback of the edges of the  holes and t o  thereby minimize 
stream disturbances  fromthis  source at supersonic  speeds. The side  walls 
axe constructed of a l ternately assaobled aluminum a l loy   s t r ip s  and p la te  
g lass   ra i l s  l - l / k  inches dee;p. Glass is emplqcd t o  permit v i s u a l  obser- 
vation of the; flow. The top and bottom walls are the same except that 
the  rails are- constructed of pressed-wood die  stock 1-3/4 u c h e s  deep, 
The triangular holes me formed f r o m  V-shaped corrugations cut i n  each 
side of the aluminum s t r ip s  and closed on the   third  s ide by the  surface 
of the  adjaceIit rail. The porosity  result ing from this  cohfiguration i s  
6 percent  (i.e.,  open-to-total-are&  ratio times 100) . There are 16 alumi- 
num st r ips   per   s ide wall. This number i s  sham in reference 3 t o  be suf- 
f i c i en t  when the wall boundary layer i s  not removed. 

L t o  permit a fraction of the air in   t he  test sectLon t o  bypass t h e   t e s t  

.* 

Effueer 

The stepped opening at the  ?try t o  the  diffuser (figs. 2 and 4(b) ) 
i s  cal led  the "effiZSeT" and serves t o  vent the plenum  chamber t o  the main 
stream. The e3ector  action of the main  stream flow on the  effuser produces 
an outflow of air  from the  plenum chaniber that is necessary t o  control  the 
pressure  level in this chaniber. Presaure  control i s  necessary at super- 
sonic speeds i n  order t o  prevent  the low-energy air, entering  the plenum 
chamber from the  test section due t o  the  blockage of the model, f r o m  
re-entering  the test section  apstream of the model. A t  Mach numbers new 
unfty  the  step an8 gap  of the  effuser  prevent "chokingm of the  flaw a t   t h e  
end of the  tes t   sect ion by providing area campensation f o r  air entering 
the  diffuser from the  chamber,  and f o r  the m o d e l  support. The effuser 
settFngs found t o  be the most satisfactory  (for  the  size of m o d e l  s h m  
in   f i g .  3) for  controllUnn the  pressure 3.g the  chamber are  presented  in 
figure 4(b) . 

The effuser i s  of very low efficiency; hence it is supplemented by 
an 'auxiliary  suction pump (f ig .  11, conststing of a cen t r i fuga  compressor 
of sufficient  capacity t o  remove  up t o  1-1/2 percent of the main tunnel 
mass flaw at Mach  number of unity.  This  size of compressor w a s  used  only 
because it waa available at the  laboratory when t h i s  wind tunnel was built .  

s 
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Model Support 
A 
-2 

4 

Models are sting-supported from a hor izontd   s t ru t  i n  the  diffuser,  
as indicated  in  figures 2 and 3. The  maxirmrm.angle of attack  attainable 
with  straight  stings i s  +8O; for  higher angles of attack bent stings a r e  
util ized. Tbe angle-of-attack mechanlm i s  constructed in such a manper 
as t o  maintain the model center of rotation wtthin 1/32-inch of the tunnel 
center  l ine for atraight  stings. With the model rotated 90' on the  st ing,  
angles of yaw of k8O m y  be encompassed. 

Auxiliary equipment is  provided f o r  controlling  the  pressure, tempera- 
ture ,  a;nd humidity i n  the WLnd tunnel. The tunnel i s  evacuated by use of 
two rotary-type,  single-stage vacuum pumps rnou3Ited.b parallel. A i r  i s  
supplied t o  the tunnel f r o m  a storage tank, charged  with d r y  air by a 
make-up compressor and air drier. The. air dr ier  i s  an adsorptive  type 
using  s i l ica   gel   as   the  act ive agent, and is capable of maintaining  the 
absolute humidity  of the air at a value less than 0.0003 pound of water 
per pound of air. me r a t i o  of storage  tank t o  tunnel volume is 1/5; maxi- Y 

mum tank pressure i s  75 p m d s  per square inch gage. The temperature i n  
the  wlnd tunnel i s  controlled by means of coolfng coils  located, as sham 
i n  figure 1, downstream of the drive motors. 

h 

Model Balance 

A representative six-component resistance-ty-pe  strain-gage  balance 
used t o  measure model l i f t ,  drag,  side  force, and pitching, yawing, and 
rol l ing moments i s  i l lus t ra ted  i n  figure 5 .  The balance, which i s  of the 
flexure  pivot  type, i s  designed to be housed ent i re ly  within the model 
body. 

. .  

Mach Nmber Indication 

Mach number is  determined from the  static  pressure i n  the test-section 
plenum chamber and the  static  pressure in the  upstream se t t l ing  chamber. 
The  plenum-chaanber pressure was calibrated  against  the  teat-section static 
pressure determined from ax ia l  tube  surveys and f a d  t o  be  essentially 
the same. w 

% 
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Mach  number is indicated  automartidly  to an accuracy of f0.001 by 
1 means  of a "Mach m e t e r . "  T h i s  device  consists  basically of  two barometric- 

type mercury U-tubes, one of which measures settling-chamber s ta t ic   pres-  
sure, and the  other plenum-chajnber static  pressure.  IhcircUng one side 
of each U-tube, and  mounted on a servo-driven  lead screw, is a di f fe ren t ia l  
transformer whfch automatically f o l l m  &21 i ron f l o a t  on the  mercury 
column. The positions of these lead screws i n d i c a t e  the  preeaures;  the 
r a t i o  of these  pressures is automatically computed and indfcated. 

Schlieren  &paratus 

The surfaces of the   plate   glass  rails in   the   s ides  of the t e s t  sec- 
t i on  are not  sufficiently  plane o r  pa ra l l e l  t o  permit t he  use of conven- 
t i o n a l  black and white schlieren. Each rail ref rac ts   the  light beam In 
a different  direction so that there is no commo~l focal  point  for  the image 
of the light source * As a resu l t ,   fo r  any given position of the  lmife 
edge, the  schlieren  pattern of the flow f i e l d  is nonunif ormly illuminated. 

other rails and loses it f a r   t h e  or ig ina l  Ones. These conditions seri- 

for  research work. 

7 Changing the  posit ion of the  knife edge brings  the  f ield  into  focus  for 

I ously reduce the  usefulness of the  conventional  black and w h i t e  schlieren 

For these  reasons a colored scbUeren system i s  employed simfletr t o  
that described in  references 6 and 7. With this arrangement the  s l i t  
replacing  the knlf'e edge at the image focal  point can be  adjusted so that 
a schlieren f ie ld  is obtained f o r  all rails simultaneously. The variable 
amounts by whlch the  l ight   rays  axe diverted by the  various rails l a ,  
however, t o  a multicolored background. A complete picture of the  shock- 
wave pattern i s  nevertheless  obtained under dl flow conditions f o r  a 
single  position of hage slit.  . .  

OPERATION 

Mach Number  Control 

The Mach  number in the  test section at subsonic speeds is controlled 
by varying the  compressor pressure  ratio i n  the same  manner 88 is  done 
for  a conventional  solid-wall  subsonic WFna tunnel. A t  supersonic  speeds 
Mach number variation i s  achieved by control of the flexible  nozzle shape, 
the compressor pressure r a t io ,  and, t o  some extent,  the  pressure  in  the 
plenum  chamber surrounding the test section. The  Mach nmiber a t  the  nozzle 
ex i t  i s  determined, of course, by the  nozzle ehape, but the pressure in 

t the  plenum chamber finally determines the average Mach  nunnber in the  test 
section. In general ,   men  the plenum-chaniber pressure i s  lower than that 
of the nozzle exit, air will flow aut of the   t es t   sec t ion   in to   the  plenum 

I 



chamber, r e s u l t i n g r f  a higher  average  teat-se.ction Mach  number than that 
a t   t h e  nozzle exit. men  the plenum-chamber pressure i s  higher  than that 
at the  nozzle  exit,  the  reverse is true. The basic criterion for  tunnel 
operation at supersonic Mach  numbere that  has been selected i s  t o  mawtain 
the plenum-chamber pressure equal. to that at  the  nozzle exit for a given 
nozzle  setting. T h t s  procedure minimizes fl& in or ou t "o i  t he   t e s t  sec- 
t ion  ahead af  the m a d e l  and thereby minimizes dieturbances  that emanate 
from the beginning af the  perforated  region. The maximum at ta inable   tes t -  
section Mach  number is 1.4. 

The effuser alone actually  affords  sufficient  control of the plenum- 
chamber pressure t o  control  the  test-section Mach number, but it is  by 
nature a device of very low efficiency. It i s  therefore supplemented with 
an auxiliary  auction pump which  removes a i r  from the plenum  chamber ( in  
place of allowing it. to.be  asplrated out through the  effuser) and returns 
it t o   t h e  air  stream i n  the  diffuser  region of the  cFrcuit. The use of 
this  auxiliary  suction puttq resu l t s  in  cgaiderably lower pressure-ratio 
requirements from the main compressor for  supersonic  operation.. It i s  t o  
be noted tha t ,  by virtue of the limited  capacity of the  suction pump 
(approximately 1-1/2 percent of the tunnel mass f l o w  at a Mach  number of 
unity) no attempt i s  made t o  employ the  pwq t o   t h i n  the  test-sectian- 
w a l l  boundary layer. 

Reynolds N u m b e r  

As i n  any other wind tunnel,  the  attain&la.Reynolds number i s  gov- 
erned by model s ize  and the power available in  the drive motors. The 
maximum Reynolds number per  foot  preselltly  attainable i n  the 2- by 2-foot 
transonic wind t m e l  is shown i n  figure 6.as a function of Mach number 
f o r  a representative wing-body combinatim at angles of attack of Oo and 
8O. The inflections of the curves in the  region of 1.05 Mach  number 
coincide  with  the  epplication of auxiliary euctfon t o  the teat-eection 
plenum  chamber. The noticeable  increase in  attainable Reynolde number 
is the  r e d t  of mah-drive power savings -afforded by  auxiliary suctiOn. 

PART I1 - CAIIIBBATION OF THE WIND TUNNEL 

OBJECTIVES 

To appraise  the  usefuhess of this wind tunnel for three-dimenBi-1 
model testing,  surveys were made of the tunnel-empty Mach nmnber d i a t r i -  
bution, and the  interference of the  test-section walls an the  model t e a t  
data was assessed. The wall-lnterfer&e . t e s t s  w e r e  initiated with two 
objectives in view: -(1) t o  determine the alleviation of interference, and - 
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4 
I. ". 

(2) t o  determine the ma- permissible model s i z e  for three-dimensional 
model testing. These objectives w e r e  accomplished by comparing the lift, 
drag, and pitching moments  of three different scaled models  of a wing-body 
configuration measured i n  the porous test   section  with corresponding values 
obtained  with  quasi-solid  side w a l l s  sufficiently open at  the comers t o  
prevent choking. 

The  Mach  number distribution fn the  test section w a s  measured by 
means of an axial tube extending from the settling chamber damstream 
through the  nozzle, test section,  effiser,  and terminating In the   d i f -  
fuser. T h i s  tube,  1/2-inch i n  diameter, has 14  longitudinal  pressure- 
measuring s ta t ions an 12-bcb  centers. A t  each  measuring station there 
are three  s ta t ic   or i f ices   located at lXlo intervals on the  periphery. 
The supporting  structure a t  each end was designed so th&t  the  axis  of the  
tube could be  lo-cated at any cross-sectional coordinate of t he  test 8ec- 

the  tube could be  translated  to  obtain d a l  surveys a t  all. longitudinal 
* t ion i n  the absence of the model support; and, through  external  controls, 

stations. 

All pressures were 
nearest 0.03 inch. 

Three sizes of the  
employed.  They blocked 

measured with  tetrabromoethane manometers t o  the 

King-body configuration s h m  i n  figure 7 w e r e  
0.09, 0.51, and 1.15 percent of  the  tunnel c ross  

section  (based on progected  frontal axea of models). The corresponding 
wFng-span-to-tunnel-width ratios were 19.6, 45.6, and 68.4 percent. Here- 
inafter,   these models are referred t o  as the  small, medium,  and large 
models. A photosaph of the medium model  mounted in test section i s  
shown in figure 3. 

The large  differences i n  the  s ize  and force  reactions of the  three 
models required  the  use of a different  balance  with each model. The bal-  
mce used  with  the small model was a bearing-pivot-type  strain-gage  balance 
located in  the  sting,  outside of the model. It was used t o  measure lift 
and drag  forces only  - pitching moment. was obtained from a separate strain- 
gage beam m o u n t e d  inside the fuselage.  Forces on the m e d i u m  and large 
m o d e l s  were measured with the  flexure-pfvot  balances of  the  type  previ- 
ously  described. The sting  supports of all three models w e r e  geometrically 
similar  in  order t o  preclude  discrepancies i n  the measured dats'from  dif- 
ferences i n  support interference. I n  the  case of the mall m o d e l  a shroud 

aerodynamic tares .  
c was used t o  cover the  actual   s t ing and external  balance so  as to obviate 
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TESTS 

Mach  Number Surveys 
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4 

L 

Measurements of tunnel-empty Mach  number distributions w e r e  made a t  
Mach  number increments  of. 0.05 i n  the  range f r o m  0 .&I t o  1.40. Settling- 
chamber pressure was maintained at 15.0 pounds per aquare  fnch  absolute, 
and temperatures  held between goo and 120° F. Local Mach numbers were 
measured at 2-inch intervals throughout the  length of the test section 
a t  13 cross-sectional  stations, The cross-sectional  reglon Burveyed was 
6 inches  either  side of the  ver t ical   center   l ine,  and between 4 inches 
and 8 inches above the  horizontal  center line. Observaticps  closer  than 
4 inches to  - the  horizontal   center  l ine were prohibited by mechanical Inter 
ference between the axial  tube and the  horizontal strut containing  the 
angle-of-attack  mecmsm (see f ig .  2) . 

Since  the.QrificeE on the tube were spaced at =-inch intervals, s i x  
positions, 2 inches &pa&, sufficed  for each  survey. D a t a  w e r e  also taken 
at the seventh 2-Fnch  Fncrement,  however, t o  determine  whether any dis- 
crepancy existed i n .  the pressures measured by adjacent  orifices at iden- 
t ical  positions in  %he air stream. Six -of the 14  or i f ice   s ta t ions  avai l -  
able w e r e  required t o  man the length of the test  section and portiane of - 
the  nozzle and diffuser of interest .  0 - 

-. 

The local  Mach  number corresponding t o  each  free-stream static- 
pressure reading was calculated  using  settling-chamber static pressure 
f o r   t o t a l  head. A reference Mach number, corresponding t o   t h e  plenum- 
chamber pressure, was  compmted for  each of the 2-inch  incremental  loca- 
tions of the  axial tube. The loca l  Mach I1.Lnnbers were then  corrected t o  
account for  the change in reference Mach  number taking p.lace  during  each 
survey by adding or  subtracting  the  difference between the two reference 
Mach numbers corresponding t.0 the local Mach number .. The magnitude of 
this  correction never exceeded 0.001 Mach number. 

. .. 

” 

A second correction was  necessitatedby  the difference in  preesuree 
measured with m a c e n t   o r i f i c e s  at the same dal position. Thie cor- 
rection w a s  considered  equal to   the  difference in Mach numbers  computed 
from pressure r e w n g s  obtained with adjacent  orifices at the same stream- 
wise location. . It was applied t o  all six readings of f ive  of the Bix 
orifices;  readings from the sixth orifice  (the  readings from which most 
closely  agreed  with plenum-chamber static  pressure) were l e f t  unchanged. 
These Mach  number corrections were of the  order of 0.003 &nd did not 
exceed 0.007. 

- 
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1. 
Wall-Interference Tests 

Lift, drag, and pitching moments w e r e  obtained for  each of the models 
i n  the Mach  number range 0.60 t o  1.30 at Reynolds numbers  of 0.6 and 1.5 
million based upon the mean aerodynamic chord, and a t  angles of attack 
varying from -5' t o  + l 3 O  approximately. The measured drag was adjusted 
t o  correspond t o  a condition of free-stream  pressure  acting at the model 
base. 

The estlmated  accuracies of the measurements, baeed upon the   ab i l i t y  
t o  repeat  data,  are within the limits given in   t he  following  table: 

Small model. 20.10 20.020 20.0021 20.001 
Medium model 2.02 2.012 2.0006 *.O@ 
Large model 2.02 rt.004 +.0006 k.001 I 

Replacement of the porous side walls Kfth qUaEi-SOlid ones w&s 
effected by sealLng.al1  longitudinal rows of perforations, except two 
rows in each  corner,  with  cellophane  tape. By this means the open area 
was reduced from 6 percent t o  3/4 percent, which was sufficient t o  pre- 
vent choked flaw fo r  a l l  three  s izes  of models throughout the  angle-of- 
attack and Mach  number ranges  investfgated. 

FUEULTS AWD DISCUSSION 

Tunnel-mpty Flow Characteristics 

In figures 8(a) and (b)  are shown tunnel-empty longitudinal Mach 
number distributione wh-lch w e r e  measured 4 inches above the  tunnel  center 
line. Transverse Mach  number k i a t i o n s  were found t o  be  negligible in 
the  tes t   region and therefore  data at other  cross-sectional  etations have 
not been  presented. To disclose  the  sources of the  larger  longltudZnal 
variations,  these  figures  include data f o r  the latter portion of the  nozzle 
and the   in i t ia l   por t ion  of the  diffuser as well. From figure 8(a)  it is 
clear that, at subsonic  speeds , f r o m  etations 5 t o  40, local Mach  number 
variations are practically  nonexiatent. In the  supersonic  range,  for Mach 
nuuibers up to 1.35, between s ta t ions 20 and 49 ( f ig .  8(b)) the  variations, 

A t  1.4 Mach number, the  region between s ta t ions 22 and 49 shows Variations 
within *O.OOg. There are, furthermore, no over-all  gradients  evident at 

the  region from stat ions 2fl t o  k0 - a distance of 20 inches - is suitable 

A while larger,   are s t i l l  inconsequential, amounting t o  less   than 20.003. 

0 any Mach number. It i s  thus  evident that a t   a l l  Mach nwnbers  up t o  1.35, 

c 
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fo r  model testing. Between 1.35 and 1.40 Mach  number the region  mitable 
Tor tes t ing i s  2 inches shorter OIL the upstream  end, and the Mach number 
variation i s  somewhat peater. 

It is  t o  be observed that the variations in Mach  number occurring 
outs ide  tMs tes t  region  (statione X) t o  40) are   ent i re ly   different  in 
the  subsonic and supersonic Mach  number ranges. A t  subsonic Mach numbers, 
t he  principal  variation consists of a gradient at the downstream  end of 
the test  section,  beginning at s ta t ion 38 and increasing in magnitude and 
extent with Mach nuber . l   Increasing  the  ra te  of air removal from the 
plenum  chamber by use  of the suction 'm has been found t o  aggravate the 
gradient. A t  supersonic speeds tbis gradient is  entirely  absent from the  
tes t   sect ion,  even wfth the use of auxfliary  suction;  but  there are pro- 
nounced Mach  number variations at the  upstream end of test  section,  the 
magnitudes of which increase with Mach number. In addition, a t  M = 1.25 
and above, an werexpmsion of significant and increasing magnitude appears 
in the nozzle i tself .  

There is a plausible  explanation  for the disappearance of the gradi- 
ent a t  the darnstream end of the test  section at supersonic Mach numbers, % 

based upon the fact that at subsonic  speeds, expanding streamlines are 
accompanied by a decelkratlng flaw, and a t  supersonic Bpeeda, by accel- 
erating flow. A t  subsonic speeds the passage of air aut of the main stream 
in to   the  plenum  chamber via the perforations i n  the walls causes the stream 
t o  slow down. T h i s  slowing darn iacreaaes the  free-stream stat ic   pressure 
which, in  turn,  increases -the amount of a i r  flowing from the main stream 
in to  the plenum chamber. An i n i t i a l l y  unstable situation  therefore  exists,  
for  which equilibrium ia eventually attained, but only a f t e r  a large Mach 
number gradient.appears a t  the downstream end af the  test   section. The 
f ac t  that the gradient  appears  only  near the end of the test section i s  
predicted by mathematical analysis and substantiated by experimental data 
i n  reference 8. A t  supersonic Mach numbers, conditions are reversed and 
the gradient in the test section i s  not evident.  Passage of air from the 
main stream t o  the plenum  chamber causes  the Mach number t o  increase,  the 
free-stream  static  pressure  to  aecrease, the r a t e  of flow of a i r   i n t o   t h e  
plenum  chamber t o  diminish, and the Mach  number gradient of the main stream 
t o  correct itself. 

The Mach  number variations  occurring in the upstream portion of the 
tes t   sect ion at supersonic Mach numbers c8n be traced t o  their source by 
use of Mach linea. By so dofng it fs found that the variations  originate 
principally  in  disturbances a t  the boundary of the flow i n  the vicini ty  

downstream i n  ei ther  of two ways; first, by modifying the effuser so as 
t o  reduce the  step and gap (fig.  4(b) ) , and second, by extending the test  
section a t  the  damstream end. The effect  of reducing the  step and gap 
i s  indicated by the diamond symbols in figure 8(8). The diffuser w a l l  
divergence ju s t  dawnstream of the effuser is lo for  both  settings. 

l1-t has been found that this gradient region  can be moved far ther  
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of station 1. This result i s  indicated by the dashed l i ne  appearing in  
figure 8(b), marking the  farthest downstream p o h t   a t  .which disturbances 
from this source  intersect  the axial survey l ine.  Measurement of the 
physical  discontinuity between the  nozzle and side .walls of t h e   t e s t  aec- 
t ian  disclosed it t o  be  too small ( less  than 0.005. inch) to   furn ish  an 
explanation. The variations are therefore   a t t r ibuted  to   the  inabi l lky to 
attain perfect  pressure  equalization at the beginning of the  perforated 
region, and it is considered  possible that by reducing  the  porosity in the 
upstream portion of .the test sec t ion   the   maetude  of the  vmiatims would 
be  significantly  decreased. 

a 

The Mach  nmuber variations occurring in the  nozzle  result from the  
fac t   tha t   the   p la tes  forming the  nozzle were designed for 1.e Mach number 
(see "Nozzle" section), and it is to be  expected that the fluw would 
became progressively worse above this Mach  number. It i s  t o  be  noted 
that at M = 1.35 and below, all disturbances  orfginating at s ta t ion 1, 
as w e l l  as  those arising i n   t h e  nozzle, are prsctically  eliminated  aFter 
the f irst  impingement on the porous side w a l l s  of the   tes t   sect ion.  

Wall Interference 

The general term %all in-berference" is used in th is   repor t  to mean 
any effect  on the  aerodynamic forces of the  model resul t ing from the  pres- 
ence  of the  tunnel walls. W a l l  interference does not include  support 
interference, which for   th i s   tunnel  is  reported in reference 9. The sup- 
port interference that does &st in the measured data is invariant between 
the three m o d e l s  because of geometric similitude (Bee ''APPARATUS" section). 
In the following camparisom force  data  for  the small model a re  assumed to 
be  nearly  Interference-free because the blockage was only 0.09 percent of 
the  cross-sectional area of the  t e a t  section. Also, by tracing Mach lines, 
it is estimated  that this model i s  ccmrple%ely f ree  of reflected disturb- 
ances above I .I Mach  number. 

The basic data, fram which both  the  alleviation of  wall  interference 
and the maximum model size  permissible for routine t e s t i n g  are estimated, 
are presented in figures 9 through 17. Ln these figures l i f t   coe f f i c i en t  
i s  plotted as a function of angle of attack, of drag coefficient, and of 
pitching-mment  coefficient  for each of the three sizes of ufng-body models 
tested. For purposes of analysis  these data have been cross-plotted in 
figures 18 through 22 so. that lift coefficient , drag  coefficient, and 
pitching-moment coefficient  are sham and cornpared as functions of Mach 
number for  constant  values of angle of  attack. 

4 

It i s  t o  be noted i n  passing that, i n  general +he Uft-coeff ic ient  
versus  angle-of  -attack  curves  (figs. 9 ,  12, and l5$ pass  through  the  origin 

angularity in the  case of these symmetric models (models were also tes ted 
L and the  drag  pol&s  are symmetrical, thus  indicating an absence of streeun 
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in   the  inverted  posi t ion  to  check for. symmetry) . Furthermore, since 
longitudinal  variations In Mach  number are  a measure  of stream an 
changes and since this variation ia shown by the data of f igue 8 Ywity b) t o  
be small, the  stream angularity at other  locationg. of the  tes t   sect ion 
must also be small.. . -. . . . 

. 
- .. - " ". - . . . . ... . -. . . .  -- " - 

Becauee it w a s  mt, possible  .to"tjest "@= mall-mode~t 1-.5 +llion 
Reynolds  number, carrections were applied t o   t h e   r e s u l t s  for the  Small 
model on the  cross  plots  before  cmparing them with  those  for  the  other 
two sizes. These corrections w e r e  estimated  by assuming that they would 
be  equal t a  the difference between the   resu l t s  gea8ured f o r  the medium 
model a t  R = 0.6 million and at. R = 1.5 million. Thie correction, of 
course, i s  based on the.  assumption that the ma-&titude of the wall inter-  
ference i s  not  significantly  affected by the change in-wal l  boundary- 
layer  thickness  corresponding t o   t h i s  change in Reynolds number. Since 
the thickness of t h i s  boundary layer, which affects  reflected  distinbances, 
varies  only  as  the  1/5th power of the Reynold6 number, the assumption is 
considered  reasonable. 

" ." " 

. . . .  

. -  

" . .  

- .  . ._ 

In  figure 18 are 6harO. the Cross-plotted data fo r  the medlm model i 

corresponding t o  0.6 and t o  1.5 million Reynold6  number. It is apparent 
tha t   the  results generally agree-well ,except h i three  pt%~%icular ranges: 
(a) the  Mach nlxmber .smge of 0.9 to 0.98 for  CL and h, (b) the subsonic 
Mach  number range f o r  minimum CD, and ( c) the  high angle-of -attack  range 
for  all components. All of these  ranges are Imuwn t o  be  sensit ive  to the 
s t a t e  of the boundary layer, and therefore   to  changes i n  Reynolds number. 
The differences of figure 18 have been  applied  directly to   the   resu l t s  
for  the m.m.I-1 mo.del to  obtain  the  data  plotted. i& figures 19 through 21. 

- ". 
.I 

Alleviation of wa1l ia terfgence.-  In  fi-e 19 comparative data are 
presented t o  show tbe  alleviation of w a l l  interference  for the large model 
obtained  by the use of the 6-percent-open-area v+s, as contrasted  with 
results for the practically  solid walls which had 3/4-percent-open area 
at the  corners t o  prevent choking. These data  *onstrate that large 
reductions i n  wall i~tff.Perence-..~e_obtained for. a l l  c e m e n t s  throughout 
the Mach number range from 0.6 t o  1.3. The gains &re shown most &jjha%i- "- " 
ca l ly  by the CD plots, which Iqdicate ~reduct. ions i n  reflected-xave 
interference of as much as 80 p-=cent 'at Mach numbers  ketwe& 1.0 and 1.3. 
Drag, of courae, i s  very  sensitive  to  boundary-reflected  disturbances due 
to   the   addi t ive   e f fec t  of the waves ref lect ing from opposing walls, par- 
t i cu la r ly  at angles of a t tack  c lose  to  zero. 

". 

" . -. - . . " 

. . . . - . . . . . - 

. .  

. . .  " " 

The pitching-moment-data resu l t s   a re  somewhat anamalous. For example, 
in figure l g ( c ) ,  the  quasi-solid-wall data are i p  c.loser agreement with 
the mall- model.data fo r  60 and 80 angles of a t tack  a t -high subsonic  speeds h 

than are   the data for the 6-percent-open walls. -Other  discrepancies c b  
be  noted at high .angles. -of-qttgsk k.". subs.&c speed pnge .  No reason- 
able explanation of Wese  differences. has b.een f a - ;  -i%: can- 6d.y be 

- 
" 

. "~ "  
5 

- 
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suggested that the  point of boundary-layer t ransi t ion on t h e   t e s t  bodies 
may vary between the different models  due t o  a difference in roughness, - even though the Reynolds numbers are   the same. 

Despite the reduction in  interference  attained by the  use of  the 
6-percent-open walls, inspection of figure 19 reveals tha t  a considerable 
amoullt of residual  interference still remains f o r  this model, assuming 
the  mall m o d e l  data t o  be  interference  free.  This  observation i s  par- 
t i cu l a r ly  true Fn the  supersonic Mach nmber  range, where discrepancies 
of as much 88 15 percent in  CL, l6 percent in CD, and 19 percent in 
Cm are evident. In all three  par ts  of the   f igure ,   a t   p rac t ica l ly  a l l  
angles of attack, a rather prominent, localized  increase in force and 
moment c o e f f k h n t s  , for the large model 1- in the  range of 1-03 t o  
1.x) Mach rimer Kfll be  noticed.  This  increase is most pronounced in 
the lift curves ( f ig .   lg(a)  ) , but it i s  quite  evident i n  the  drag and 
pitching-moment curves as well. With increasing angle of attack, it tends 
to shift in the   direct ion of higher Mach nuuiber. These localized  increases 
are at t r ibuted to disturbances in the  flaw caused by ref lect ions f r o m  the 
test-section walls, of t he  shock and expansion waves emanating f r o m  the 
wing. For the  Mach nuniber range under discussion this shock mve I s  
detached; hence, the  stronger it becomes (as the angle of attack becomes 
neater) the  far ther  forward of the model it Iles ana the  Mgher the  Mach 
nunher required  for   f ts   ref lect ions to intersect  a given point on the  
model. 

- 

Lnformation similar to t ha t  appearing In figure 19 f o r  the large 
model i s  shown i n  figure X) f o r  the m e d i u m  model. Again it is observed 
that the  6-percent-open walls produce much less  interference. As fo r  
figure 19 the plots of CD show the  greatest  reduction in wall inter- 
ference, and it is noteworthy that the  mRxJ,rm reduction again approxi- 
mates 80 percent, Throughout the   en t i re  Mach nuniter range, however , the  
residual  interference i s  very much less than  that   for   the  large m o d e l .  

The maxhum p'ercentage differences between the small and medium model 
data (6-percent-open walls) a t  supersonic speeds can be  quoted as follaws: 
f o r  CL it i s  as much as 5 percent (O.Or6 at M = 1.21, a = bo); fo r  
CD it is as much as 11 percent (0 -0025 at M = 1.03, a = oO) ; and for  
C, it i s  as much as 13 percent (0.008 near M = I.=, a = 6O). The 
r e l i a b i l i t y  of these  differences, &8 an indication of  wall interference, 
however, must be  accepted  with some reservation because the  maxhnm, 
conibined, experimental e r rors  are of the  same order of magnitude as the  
differences themselves (see  "TESTS"). Therefore, t o   t h e  accuracy of these 
measurements, the data f o r  the medium m o d e l  do not require any wall- 
interference  corrections. A t  subsonic  speeds CiLfferences of about 0.01 
in C, occur at 8O angle of attack. Correspondingly, t h i s  discrepapcy is 
evident to a lesser extent fn both l i f t  and drag.  This resu l t  is  not 
belleved t o  be any effect  of  w a l l  interference,  but  rather a par t icular  

*. 

* a  sensi t ivi ty  to boundary-layer t rans i t ion  as previously mentioned. 
- - 

.L. (. 
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A more accurate.evaluation of the  effects  o f  Hall interference on 
the  resul ts   for   the medium s ize  model will be possible when the model and 
balance can be tested i n  a larger f a c i l i t y  at a cornmoll Reynold8 number, I 

The problem of wind-tunnel wall correctiom may then be re-examined. 

" " 

Choice of model size.- To determine the  largest   size of model f o r  
which rel iable   data  can  be  obtained i n  t h i s  2-foot-square,  6-percent-openY 
porous-wall test section,  the  appropriate lift, drag, and pitching-moment 
curves fo r  each of the  three model s i z e s  appearing i n  figures 19 and 20 
are  c a m p a r d  again i n  figure 21. It is  apparent that the medium size  
model is about as large as should be tested, and the results f o r  t h i s  
model, when  compared with  those  for the small model, are very  satisfactory. 
Not2 that for   the  large model, i n   t he  supersonic  range between Mach num- 
bers 1.05 and 1 .x), the lift and drag data particularly,  and the  pitching- 
moment da ta   to  a leseer  extent, a l l  show serious  discrepancies. 

. -  

The conclusion that  valid data are  provided by the medium size model 
i s  confirmed by the  results  appearing in figure 22. In  t h i s  f igure,   plots 
similar t o  those  p,reviously shown in  f igures  19 through 21 are  presented 
for   the medium and small models at the same test  Reynolds number - 0.6 
millfon.  Corrections  for  unequal Reynolds number are therefore unnecea- 
s m y ,  and direct  cmpariscms cm be made. It w i l l  be  observed f r o m  these 
direct  comparisons th8t none of the  conclusions  previously  arrfved at 
from consideration of figwe 21 is  t o  any extent  'altered by the data i n  
figure 22. In particular,   the range of Mach nmbers and angles of at tack 
over which good agreement exis ts  i s  the same i n  the one figure afl it i s  
in the  other. Furthermore, it is evident that such differences as do 
OCCUT l i e  predominantly in the same direction and, are appro-tely of 
the same magnitude. 

Interference on similar models.- From the resul ts  contaFned i n  f ig -  
ures 21 and 22, it can be  stated  that test  data obtained i n  this wind 
tunnel  for wing-body  models s imilar   to   the one tested,  having f ronta l  
projected areas 1/2 percent or less of the test-section  cross-sectional 
area and span-to-tunnel-height r a t io s  not @;reater_.te. oge-half-may con- 
tain  interference  errors in CL as large as about 5 percent, up t o  Bo 
angle of attack. For CD the errors may be as large as 11 percent at 
Oo angle of attack, decreasing t o  abaut 6 percent at between 4O and 8O 
angles of attack. For Cm, errors  as large as 13 percent may occur a t -  
supersonic  speeds. It ehauld be kept i n  mind. t h a t  smaller  errors for - 

CL and CD could possibly be quoted had the  strain-gage  balances been 
of better accuracy. 

" 
" 

. ." - 

- - 

Shock-Wave Attenuation From PreaEiure M e ~ ~ 8 u r e m e n % s  C" 
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Further and direct  evidence of this property is shown in figure 23. T h i s  
plot   presents  pressure  survep at supersonic Mach numbers  measured at a 
time when the upstream ends of the two vertical   side  walls of t h e   t e s t  
section were protruded i n t o  the air stream. These protrusions formed 
crescent-shaped steps on the apposing sides of the  tunnel, at the  nozzle . 
exit , which varied i n  height from 0 a t  the ends  (which were i n  the  tunnel 
corners) t o  0.037 inch at the  center on one side and 0.023 inch on the  
other. They resulted  in  the formation of a strong  compression-expasion 
wave, apparent in the figure a t   a l l  Mach numbers above 1.05. It i s  clearly 
seen that  the  strength of the  reflections frm t h i s  wave w e r e  considerably 
reduced far ther  downstream. Quantitative  evaluation of the wave attenu- 
ating  capabili t ies of the  walls from these  data is  not  possible,  because 
no corresponding  solid-wall  data  are  available  for comparison, md  the 
measurement points were not frequent enough (2-inch in te rva ls )   to  always 
detect  the peak  magnitudes of the  comgression waves. Y e t  i s  is worth 

- noting  that a t  1.- Mach number , the Mach rider variations in the model 
test region  are  only about 10 percent  that of the  initial.  disturbance. 

I 

d Pressure-Ratio Requirements 

- Figure 24 has  been  prepared t o  m u s t r a t e   t h e  power required by the 
Ames 2- by 2-foot t r a n s d c  wind tunnel.  Information has also been 
included to appraise  the  efficiency of the  effuser,  and t o  indicate   the 
reduction i n  power  made possible by use of the  suction pump as a supple- 
ment t o  the  effuser f o r  removing air from the plenum  chamber. 

On figure 24 the  static-pressure r d i o  between s ta t ions 1 and 2 
(see f ig .  1) has been plotted as a Function of Mach  number with  the  tes t  
section empty, and with a representative model at 1 / 4 O ,  8O, and 12O angles 
of attack. Two gro l rp~ of such m e a  are presented - t he  first 8hms  the 
pressure  ratios  required when all of the air removed from the  plenum cham- 
ber  leaves  via  the  effuser;  the second, the   ra t ios  when air i s  removed with 
both  effuser ana suction purqp. The gross rate of air removal in both  cases 
is approximately the same, the  amount removed by the  auction pump (sham 
by the dashed  curve in f ig .  24) having  been adjusted so that the  plenum- 
chamber pressure w a 8  the.same 8 s  when only  the  effuser was used. 

This figure shows that  pressure ratios as high  as 1.6 are reqpired 
jus t  to obtain  a tunnel-empty Mach  number of 1.4. To achieve t h i s  Mach 
number with a model instal led,  even higher ratios are  necessary. The 
figure also shows that  large  reductions in pressure r a t i o  are provided  by 
the  suction pump, although  the amouzlt of flow removed is as low as  1 t o  

both that the  effuser  efficiency i s  l o w  a d  that   s izable  power savings 
are  provided by the  suction puarp. 

L 1-1/2  percent of the  tunnel mass flow. This  result, of c m s e ,  Fmplies 
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Figure 25  shows Values of eff’user efficiency  plotted  versus  test- 
section Mach number, and figure 26 the  net power saved as a proportion 
of t o t a l  power input t o  the main drive. A s  used here,  effuser  efficiency 
i s  defined as the   ra t io  of parer  requlred to   del iver  air from the plenum 
chamber t o  the main canpressor inlet   with zero loss t o  the power actually 
required. The  power actually  required is equal to  the  difference in main- 
drive power required when usling the  effuser alone and when using both  the 
effuser and suction pump. Inspection of these figures indicates  that  the 
eff’user efficiency i s  low, varying roughly frm 15 t o  X) percent over the 
Mach  number range 1.1 t o  1.3. The  power saving available through u6e of 
the  suction pump i s  correspondingly  large,  averaging 8mewha€ more than 
15 percent of the main  power without  suction and amounting t o  between 
300 and 400 horsepower per atmosphere of settling-chaniber  pressure. 

SUMMARY OF RESULTS 

The Ames 2- by 2-foot  transonic wind tunnel has been described &a a 
research  faci l i ty  In which the Mach  number can be varied continuausly 
from low subsonic  values up t o  1.4. 

Frau Mach  number surveys i n  the empty  wind % b e l  it has been shown 
tha t   the  Mach number variation i s  kO.003 ov@r a 20-inch length ug t o  
1.35 Mach number, and +O .005 Over an U-inch length at  1-40 Mach number. 

For test models having frontal  projected area8 1.15 and 0 .F percent 
of the  tunnel  cross-sectional qea, large  reductions i n  wall interference 
were attained  with.6-percent  open-area  perforated walls, as compared t o  
practically  solid walls, perforated in the  corners t o  prevent choking. 
Far the 0.51-percent-blockage m o d e l ,  i n   t h e  supersonic speed range,  these 
reductions amounted t o  as much a8 80 percent  for  drag’coef‘ficient. 

Frm  these t e s t a  it i s  concluded that the wall interference i s  amall 
fo r  a model having a projected  frontal  area o f  1/2 percent of the cros8- 
sectional  area of the test section and a wing-apan-to-tunnel-height r a t i o  
of one-half. For models of this size no empirical  corrections t o  test  
data  are at present  cansidered  necessary. 

Auxiliary  suction  has been shown t o  be an effective means of reducing 
the main compressor pressure-ratio  requirements and over-all power con- 
aumptfon. The use of between I and 1-1/2 percent ~ & S B  removal can result 
i n  about a 15-percent  reduction in main-drlve power. 

Ames Aeronautical  Laboratory 
National Advisory Committee for Aeronautics 

Moffett  Field, C a l i f . ,  Sept. 21, 1955 
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(a) .Per forafed-. wa// geometry, 6-percent open area. 
8 

Fqufe 4. - Geomtfry of fest-secfon poros/;fy and e m e r  
for the 2-by 2- foot fronsonic  wind  funnel. 
(A / /  dimensions  in  inches ) 
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F W  3 - S ~ W I  of the sir-conlponenf frIarrae h b c e  m d  h ti% P-by P- TOd transonic wind tunnel. 
(All dimensibns in inches) 
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figure 18- €ffecf of Reynolds number on fhe  aerodynamic 
churucferisfics us u funcfion of Much number; medurn mode/. 
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. 

M c h  number, M 
figure 25 - €ffuser efficiency bused on uuxif i i~  suction 

power (7 = 100 percent l. 

NACA - Langley Fleld. Pa. 


